Abstract: This study aimed to determine the effect of gamma radiation on the preservation of phenolic compounds and on decontamination of dry herbs in terms of ochratoxin A (OTA) and aflatoxin B1 (AFB1), using Aloysia citrodora Paláu as a case study. For this purpose, artificially contaminated dry leaves were submitted to gamma radiation at different doses (1, 5, and 10 kGy; at dose rate of 1.7 kGy/h). Phenolic compounds were analysed by HPLC-DAD-ESI/MS and mycotoxin levels were determined by HPLC-fluorescence. Eleven phenolic compounds were identified in the samples and despite the apparent degradation of some compounds (namely verbasoside), 1 and 10 kGy doses point to a preservation of the majority of the compounds. The mean mycotoxin reduction varied between 5.3% and 9.6% for OTA and from 4.9% to 5.2% for AFB1. It was not observed a significant effect of the irradiation treatments on mycotoxin levels, and a slight degradation of the phenolic compounds in the irradiated samples was observed.
Introduction
There is currently a high demand for medicinal and aromatic plants, due to their combined aromatic and bioactive properties [1, 2] . One of the most significant compounds which confer bioactive potential to plants are the phenolic compounds. These have been largely studied based on their therapeutic properties related to the prevention of chronic inflammation, cardiovascular problems, cancer, and diabetes [2] . Some studies claim that the absorption of these compounds in the body, occur in different routes linked to the gastrointestinal tract, where microorganisms, enzymes, and even glucose transporters are involved. The partial release of polyphenols occurs in the gastrointestinal lumen, where they are metabolized and rendered absorbable, so that they can exert their health benefits [3] . Nevertheless, the use of these medicinal and aromatic plants do not always adhere to the
Results and Discussion
Data on phenolic compounds identification by HPLC-DAD-ESI/MS (High performance liquid chromatography coupled with a diode array detector and electrospray ionization tandem mass spectrometry) recorded in the negative ion mode (retention time, λ max in the visible region, deprotonated molecules m/z values), the low-energy collision induced dissociation tandem mass spectrometric (CID) fragmentation pathways analysis, and tentative product ions identification are presented in Table 1 . The phenolic profile of the control sample, recorded at 280 nm, is shown in Figure 1 . Up to eleven phenolic compounds were detected and tentatively identified in the samples. Five of the identified compounds corresponded to caffeoyl phenylethanoid derivatives (peaks 5, 7, 8, 10 , and 11), three to flavone derivatives (peaks 2, 4, and 6) and the remaining ones to a phenylethanoid glycoside (peak 1), a hydroxycinnamic acid (peak 3) and a flavonol (peak 9). Compounds were identified based on their mass and UV-VIS spectra and retention characteristics. The majority of the detected compounds (verbasoside, luteolin-7-O-diglucuronide, apigenin-7-O-diglucuronide, verbascoside, chrysoeriol-7-O-diglucuronide, isoverbascoside, forsythoside, eukovoside, and martinoside) have already been reported in A. citrodora (Table 1 ; [22] [23] [24] , which has been used to support compounds identities. Compounds 3 (p-coumaric acid) and 9 (isorhamnetin-3-O-glucuronide) were identified by comparison with authentic standards. As far as we know, these two compounds have not been previously reported in A. citrodora.
Molecules 2017, 22, 347 3 of 13 (Table 1 ; [22] [23] [24] , which has been used to support compounds identities. Compounds 3 (p-coumaric acid) and 9 (isorhamnetin-3-O-glucuronide) were identified by comparison with authentic standards. As far as we know, these two compounds have not been previously reported in A. citrodora. Tables 1 and 2 .
The most abundant compound present in all samples was verbascoside (compound 5, Table 2 ), a caffeoyl-phenylethanoid glycoside with antioxidant, anti-inflammatory, and antimicrobial activities, as well as wound healing and neuroprotective properties claimed to be beneficial in human health [25, 26] . The effect of gamma radiation on the phenolic compounds of the studied samples presented statistically significant differences for some compounds (p < 0.05). The results showed a slight decrease of the major compound (verbascoside) at all the applied doses, as well as in the levels of total flavonoids (TF) and total phenolic compounds (TPC), as determined by HPLC-DAD (Table 2) . However, the concentrations of verbasoside, p-coumaric acid, isoverbascoside, forsythoside, eukovoside, and martinoside did not change significantly (p > 0.05) when the maximum dose (10 kGy) was applied. The dose of 1 kGy stood out from the other applied doses, because it slightly preserved more of the phenolic compounds, in which three out of the eleven identified phenolic compounds (compounds 2, 6, and 9), showed a significant increase in quantity (p < 0.05) and five of the remaining eight (compounds 1, 3, 5, 8, and 11) showed a decrease, with compounds 3 and 5 having a significant decrease (p < 0.05). The decrease induced by gamma radiation in the levels of these compounds may be attributed to the possible formation of irradiation-induced degradation products and/or free radicals [15] . The same decreasing effect in the compounds happened in a previous study by Pereira et al. [27] , where the effects of gamma radiation on the phenolic profile of the infusions of Thymus vulgaris L. were analyzed. Several studies were performed and the results diverge according to several factors, such as the plant species studied, type of irradiation, and applied doses [28, 29] . The most abundant compound present in all samples was verbascoside (compound 5, Table 2 ), a caffeoyl-phenylethanoid glycoside with antioxidant, anti-inflammatory, and antimicrobial activities, as well as wound healing and neuroprotective properties claimed to be beneficial in human health [25, 26] . The effect of gamma radiation on the phenolic compounds of the studied samples presented statistically significant differences for some compounds (p < 0.05). The results showed a slight decrease of the major compound (verbascoside) at all the applied doses, as well as in the levels of total flavonoids (TF) and total phenolic compounds (TPC), as determined by HPLC-DAD (Table 2 ). However, the concentrations of verbasoside, p-coumaric acid, isoverbascoside, forsythoside, eukovoside, and martinoside did not change significantly (p > 0.05) when the maximum dose (10 kGy) was applied. The dose of 1 kGy stood out from the other applied doses, because it slightly preserved more of the phenolic compounds, in which three out of the eleven identified phenolic compounds (compounds 2, 6, and 9), showed a significant increase in quantity (p < 0.05) and five of the remaining eight (compounds 1, 3, 5, 8, and 11) showed a decrease, with compounds 3 and 5 having a significant decrease (p < 0.05). The decrease induced by gamma radiation in the levels of these compounds may be attributed to the possible formation of irradiation-induced degradation products and/or free radicals [15] . The same decreasing effect in the compounds happened in a previous study by Pereira et al. [27] , where the effects of gamma radiation on the phenolic profile of the infusions of Thymus vulgaris L. were analyzed. Several studies were performed and the results diverge according to several factors, such as the plant species studied, type of irradiation, and applied doses [28, 29] . The results are presented as the mean ± SD; (n = 12). TCP-total caffeoyl phenylethanoid derivatives (including verbasoside); TPA-total hydroxycinnamic acids; TF-total flavonoids; TPC-total phenolic compounds. Calibration curves: 1 It should be highlighted that, at up to 400 µg/mL, none of the irradiated samples showed hepatotoxicity, evaluated in PLP2 cells, contrarily to the toxicity observed for the positive control ellipticine (concentration responsible for 50% of inhibition of the net cell growth-GI 50 = 3.22 ± 0.67 µg/mL). These results are in agreement with previous results of irradiated samples of T. vulgaris and Mentha x piperita L. [30] .
The calibration parameters of instrumentation (linear range, correlation coefficient (R 2 ), equations of linear regression, limits of detection (LOD) and limits of quantification (LOQ) for AFB1 and OTA are shown in Table 3 . The analytical methods for quantification of the two mycotoxins in samples of dried aromatic plants were further validated. Table 4 displays the accuracy and precision of the OTA and AFB1 analysis methods Recovery, as well as repeatability relative standard deviation (RSD r ), and reproducibility relative standard deviation (RDS R ), are within recommended ranges [31] . Data presented in Table 5 show the effect of gamma radiation doses (1, 5, and 10 kGy) on the reduction of AFB1 and OTA in dried leaves of A. citrodora. Assays were carried out in powdered samples spiked with 30 ng/g of AFB1 and OTA. This concentration was selected because it is an average value commonly used in this type of studies. When compared with non-irradiated samples (0 kGy), rates of mycotoxin reduction at different irradiation doses (1, 5, and 10 kGy) ranged between 21.2 and 22.6 ng/g for OTA, and 19.8 to 21,9 ng/g for AFB1, with no statistically significant differences (p > 0.05) between irradiated and non-irradiated samples, independently of the applied dose. No apparent dose-dependent effect was detected on the rate of mycotoxins decrease, either. These results suggest that irradiation at the tested doses, including the maximum allowed dose of 10 kGy, is not an effective treatment for AFB1 and OTA decontamination of dried plants. The effect of gamma radiation on mycotoxin decontamination has been investigated in several food products (spices, feedstuff, coffee beans, fruits, seeds, vegetables, cured meat, and others), but divergent results have been reported. Some studies report high effectiveness of gamma radiation on the reduction of mycotoxin levels in various low moisture foods [32] [33] [34] [35] [36] , although in some cases this effect is only observed at irradiation doses of 30 to 60 kGy [34, 35] , higher than the allowed dose of 10 kGy. In general, for the admissible dose by EU regulations, most reports conclude that no significant positive effects on mycotoxin decontamination are obtained for low moisture content foods or feeds [34, 35, [37] [38] [39] [40] [41] . In a study performed by Jalili et al. [35] , gamma radiation was applied to black and white pepper and they found significant AF and OTA reductions only at irradiation doses of 30 kGy or higher and, even at 60 kGy, gamma rays were not completely effective in destroying those mycotoxins. At 10 kGy, mycotoxin reduction varied between 1.4% in OTA to 7.2% in AFB1 for samples with 12% of moisture content.
The reduced effect of this technique in low moisture matrices seems to be a direct result of the reduced water content. The presence of water is an important factor in the destruction of AF and OTA by gamma radiation, since water radiolysis leads to the formation of highly reactive free radicals that degrade the mycotoxins [42, 43] . This effect has been demonstrated in a study by Kumar et al. [40] , where the elimination of OTA in coffee grains with different moisture contents (9%, 10%, 12%, and 23%) was tested. OTA degradation in the lowest moisture content grains was 5% at 10 kGy, similar to the one obtained in our study, and 90% for the highest moisture content samples. In the present study, mycotoxin degradation by gamma radiation has been tested in herbs after drying, at the stage of ready-to-use product. To avoid the limited effect of the treatment generally observed for low moisture products (namely dried herbs), future studies on mycotoxin detoxification of herbs by gamma radiation should contemplate the fresh product, before drying. As previously stated, the treatment of high moisture matrices (fresh herbs) should result in higher detoxification effects. As concluded by several studies (e.g., [44] [45] [46] ), the application of irradiation treatments to herbs while, in the fresh stage, should not negatively influence their nutritional value.
Materials and Methods

Safety Considerations
All recommended security considerations were taken into account when handling AF and OTA, due to the toxicity of these substances [47] . Protective equipment was used when handling solutions and all materials were decontaminated by autoclaving before disposal. The reusable materials were decontaminated during 12 h, immersed in a bleach solution of 10%, then immersed in acetone solution of 5%, during 1 h and finally washed with distilled water several times.
Samples and Sample Preparation
Dry leaves of A. citrodora (1000 g), whose common name is lemon verbena, and belonging to the family Verbenaceae, were provided by a local producer (Pragmático Aroma Lda, Alfândega da Fé, Bragança, Portugal). Water activity (aw) of the leaves was measured using a Rotronic HygroPalm AW1 equipment (Rotronic Instruments Ltd., Crawley, West Sussex, UK) and revealed to be 0.51. Leaves were then reduced to a fine powder with the aid of a kitchen blender, fully homogenized, and divided in two sets, one for irradiation tests and the other for in-house method validation. The material was preserved in sealed bags at 20 • C until further use.
Spiking with Mycotoxins
To test the effect of irradiation on mycotoxin reduction, dried powdered material was spiked with 30 ng/g of AFB1 and OTA, carefully homogenized, divided into 5 g aliquots and packaged in appropriate bags (polyethylene, 63 µm thickness). Aliquots were submitted to three different irradiation treatments: 1, 5, and 10 kGy. Each irradiation dose was applied to three aliquots in two independent treatments, for a total of six replicates for each dose. Non-irradiated samples (n = 6) were used as control (0 kGy).
Irradiation Treatment
Irradiation was performed in a 60 Co experimental chamber (Precisa 22, Graviner Manufacturing Company Ltd., London, UK), following a procedure previously described by Pereira et al. [21] . The estimated dose rate was 1.7 kGy/h and the absorbed gamma radiation doses were 1.2 ± 0.1 kGy, 5.2 ± 0.2 kGy and 10.4 ± 0.4 kGy. The dose uniformity ratios (D max /D min ) was 1.2. In order to simplify the values, 0 was considered for non-irradiated sample and 1, 5 and 10 kGy were considered irradiated samples. Samples were stored at −18 • C until further analysis were performed.
Phenolic Compounds Analysis
Samples (1 g) were extracted by maceration with 25 mL of methanol/H 2 O (80:20) during 1 h at 25 • C and 150 rpm following the procedure described by Pereira et al. [48] .
The extracts were analyzed using an HPLC-DAD (Agilent Technologies, Santa Clara, CA, USA), connected to a mass spectrometer (MS) equipped with an ESI source and a hybrid triple quadrupole/linear ion trap mass analyzer (API 3200 Qtrap, Applied Biosystems, Darmstadt, Germany) [49] . The phenolic compounds were identified by comparing their retention times, UV-VIS and mass spectra with those obtained with standard compounds, when available. Otherwise, compounds were tentatively identified comparing the obtained information with available data reported in the literature. For quantitative analysis, a calibration curve for each available phenolic standard was constructed based on the UV signal. For the identified phenolic compounds for which a commercial standard was not available, the quantification was performed through the calibration curve of another compound from the same phenolic group. Results were expressed as mg per gram of extract.
Cytotoxicity Evaluation in Porcine Liver Cells
Cytotoxicity of the extracts was evaluated in porcine liver cells (PLP2) using the SRB assay, previously described by Abreu et al. [50] . The extracts described above (Section 3.5) were re-dissolved in water to a final concentration of 8 mg/mL. Ellipticine was used as a positive control.
Mycotoxin Analysis
Aflatoxin Extraction and Quantification
For AFB1 extraction, half of the irradiated samples (2.5 g) were extracted by maceration (25 • C at 150 rpm) with sodium chloride (0.5 g) and methanol/water (20 mL, 80:20, v/v) for 30 min. The mixture was then filtered by gravity through a Whatman No. 4 filter paper (Sigma-Aldrich Co., St. Louis, MO, USA) and an aliquot (10 mL) of the filtrate was diluted with a portion of water (40 mL). The extract was homogenized and further filtered through a Whatman glass microfiber filter (934-AH). Subsequently, the filtered extract (20 mL) was purified through immunoaffinity column (AflaTest WB, VICAM, Watertown, MA, USA) by gravity, at a rate of approximately 1-2 drops/s. The column was washed a first time with phosphate-buffered saline with Tween (PBS-T: NaCl (8 g), Na 2 HPO 4 (12 g), KH 2 PO 4 (0.2 g), KCl (0.2 g), Tween 20 (0,1 mL) made up to 1000 mL with deionized water and the pH value was adjusted to 7.0 with NaOH), followed by a second wash with ultra-pure water (1 mL). AFB1 was eluted with 2 mL of methanol, collected in a glass vial, filtered through 0.2 µm nylon filters (Whatman) and analyzed by HPLC with fluorescence detection (FLD).
Samples were analyzed using a HPLC system (Smartline, Knauer, Berlin, Germany) coupled to a photochemical post-column derivatization reactor (PHRED unit, Aura Industries, New York, NY, USA), a fluorescence detector (FP-2020, Jasco, Easton, MD, USA) set to λ ex 365 nm and λ em 435 nm and using the Clarity 2.4 Software (DataApex, Prague, Czech Republic). The compounds were separated using an isocratic elution with a reverse-phase C18 column (100 mm × 4.6 mm, Merck Chromolith Performance, Darmstadt, Germany) at 35 • C (7971 R Grace oven). The mobile phase consisted of a mixture with acetonitrile/methanol/water (10:30:60, v/v/v) with a flow rate of 1 mL/min and the injection volume was 0.01 mL. AFB1 was identified by chromatographic comparison with the standard (Aflatoxin B1, Biopure, Tulln, Austria) and quantification was based on the fluorescence signal response.
Ochratoxin A Extraction and Determination
OTA extraction followed the procedure described by Zhao et al. [51] with some modifications. Briefly, the other half of the irradiated samples (2.5 g) were extracted by stirring (25 • C at 150 rpm) with MeOH/1% NaHCO 3 solution (12.5 mL, 70:30, v/v) for 30 min and subsequently filtered through Whatman No. 4 filter paper. Afterwards, the extract (10 mL) was diluted with PBS-T (40 mL) and further filtered through a Whatman glass microfiber filter (934-AH). The filtered extract (20 mL) was purified through an Ochratest WB immunoaffinity column (VICAM, Watertown, MA, USA) and the column was washed first with PBS-T (10 mL) and then with ultra-pure water (10 mL). Afterwards OTA was eluted with methanol (2 mL), collected in a glass vial, filtered through 0.2 µm nylon filters (Whatman) and analysed by HPLC-FLD.
OTA samples were analysed using the HPLC system and column described above for AF analysis, but without the derivatization process. The fluorescence detector was set to λ ex 330 nm and λem 463 nm, mobile phase consisted of a mixture with acetonitrile/water/acetic acid (70:29.5:0.5, v/v/v), with a flow rate of 0.8 mL/min, and the injection volume was 10 µL. OTA was identified by chromatographic comparison with the standard (OTA standard solutions, Sigma Aldrich Co.) and quantification was based on the fluorescence signal response.
In-House Method Validation
Stock solutions of AFB1 (5 µg/mL) and OTA (1 mg/mL) were prepared and stored at −20 • C. Working standard solutions of each mycotoxin (100 ng/mL) were prepared from stock solutions daily. Precision and recovery were performed by spiking the blank sample with two different mycotoxin concentrations: 10 ng/g and 30 ng/g of AFB1 and OTA, and one set of unspiked sample was used as a blank. Each sample set was composed of six replicates and tested in two different days (three replicates each day).
Instrumentation calibration parameters were determined following the methodology previously described by Arita et al. [52] and the recovery rates were determined from the six replicates of the two spiking levels, by calculation of the ratio of recovered AFB1 and OTA concentration relative to the known spiked concentration. Precision was calculated in terms of intraday repeatability (n = 3) and intermediate precision (interday within laboratory reproducibility; two different days) for each mycotoxin, at the two contamination levels in spiked samples.
Linearity, limit of detection (LOD), and limit of quantification (LOQ) were determined by three series of analyses, using 11 standard solutions with concentrations ranging from 0.05 ng/mL to 20 ng/mL of AFB1 and OTA. LOD and LOQ were calculated according to the following equations [52] : LOD = 3 × (sa/b) and LOQ = 10 × (sa/b), where sa is the standard deviation of the intercept of the regression line obtained from the calibration curve, and b is the slope of the line.
Statistical Analysis
Data analysis was performed using a one-way analysis of variance (ANOVA) followed by Tukey's HSD test (p = 0.05) using a SPSS v. 23.0 software (IBM Corp., Armonk, NY, USA).
Conclusions
Gamma radiation was tested as a preservation and decontamination technique in dried leaves of A. citrodora. Regarding phenolic composition, doses 1 and 10 kGy showed some differences in the results, being that, at the lowest dose (1 kGy), three of the phenolic compounds (compounds 2, 6, and 9) out of the eleven identified compounds, showed a significant increase in quantity (p < 0.05). Five of the remaining eight (compounds 1, 3, 5, 8, and 11) showed a decrease, with compounds 3 and 5 having significant decrease (p < 0.05). On the other hand, at the highest dose (10 kGy), only compound 3 significantly increased, while compounds 2, 4, 5, 6, and 9 decreased, significantly. The same trend follows through with the TCP, TPA, TF, and TPC. Therefore, irradiation demonstrated a slight decrease in some of the identified phenolic compounds.
At the assayed doses, the irradiation process, did not induce detectable hepatotoxicity. Treatments at 1, 5, and 10 kGy doses were not effective in significantly decreasing OTA and AFB1. Thus, the legislated maximum dose of 10 kGy is ineffective to decrease decontamination using the studied mycotoxins.
In the case where mycotoxin decontamination of herbs is the primary goal of irradiation, and considering water content as an important parameter in the destruction of mycotoxins by gamma rays, future research should contemplate testing the effectiveness of gamma radiation in herbs prior to drying. For this matter, other features such as physical and chemical characteristics should also be studied.
